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Preface 
 
The work of this thesis was carried out under the guidance of Professor Dr. 
Susumu Kuwabata at Department of Applied Chemistry, Graduate School of 
Engineering, Osaka University. 
 
Recently, semiconductor nanocrystals (NCs) have received remarkable attention 
in various advanced technologies. The aim of this work is the development of highly 
luminescent CdS NCs being suitable for biolabeling. The present studies were intended 
to improve emission and photostability of functionalized CdS semiconductor 
nanocrystal (NC) in solution due to use in biological application. I hope sincerely that 
the present study would benefit progress for researchers in biological, clinical, and 
physiological chemistry fields to contribute to the healthy society. 
 
Keiichi Sato 
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1 
General Introduction 
Background 
 Semiconductor NCs whose particle sizes are less than 10 nm are located in the 
transition region between bulk semiconductor crystals and molecules. Their 
physicochemical properties are, therefore, different from both bulk semiconductor 
crystals and molecules. In this region, the degeneration of the energy band that is 
observed in bulk semiconductors is removed and the orbits are dispersed. As a result, 
the lower-end of the conduction band is shifted to the higher side and the upper-end of 
the valence band is shifted to the lower side, allowing the energy gap of NCs to increase 
as their particle size decrease. This behavior is one of phenomena due to the so-called 
quantum size effect. 
Semiconductor NCs, or ‘quantum dots’, have attracted significant attention 
because their optical and electronic properties are controlled by adjusting their particle 
size.1-3 For example, the wavelength emitting from semiconductor NCs is tuned from 
ultraviolet to infrared by controlling their size, and the purity of the emission color can 
be significantly improved by obtaining a narrow band of the fluorescence spectrum. 
These superior advantages are directly introduced into a wide range of advanced 
applications such as biological sensors,4-12 solar cells13-18 and electroluminescence 
devices.19-22 In particular, semiconductor NCs have received considerable interests in 
biological applications owing to such superior advantages in comparison to organic 
dyes as high photostability, facile tuning of a desired fluorescence wavelength, and 
simultaneous excitation of multiple fluorescent NCs using a single light source.4-9,11,12,23  
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The NCs are usually synthesized under non-aqueous environment using 
typically trioctylphosphine (TOP) / trioctylphosphine oxide (TOPO).3,24-26 This method 
is attractive since the nanocrystalline size can be finely tuned, although this synthesis 
requires dealing with highly toxic substances under high temperature. In contrast, in an 
aqueous phase the synthetic reaction occurs under mild conditions, e.g. at ambient 
temperature and pressure,27-33 however, the disadvantage is that the synthesized NCs 
possess a relatively wide size distribution owing to the controlled reaction volume or 
confinement of the reaction field being extremely difficult. Reducing the size 
distribution is possible even in the aqueous phase by introducing a size-selective 
photoetching technique.34-37 
The size-selective photoetching technique uses the fact that the band gap 
energy of the semiconductor NC increases with decreasing particle size due to the 
quantum size effect and a metallic chalcogenide semiconductor is oxidatively etched by 
irradiating light in the presence of dissolved oxygen. It is a method to control the 
particle size to smaller semiconductor NCs by light irradiation. Torimoto et al. have 
demonstrated that under relatively strong monochromatic light (>5 mWcm-2), and with 
neutral pH, the CdS NC size is adjusted within the range of 1.7–6.5 nm with a size 
distribution of ~0.2 nm (within 70%) .35  
One critical aspect of these materials is that control of the electronic states, i.e. 
the exciton or surface states, must be required to increase the photoluminescence (PL) 
intensity and to maintain it. Even if the particle size of the prepared bulk particles is 
made as a monodispersion, the band gap fluorescence properties are not sufficient due 
to the presence of the energy level existing mainly at the surface site of the 
semiconductor NCs. Since some energy levels exist in the forbidden band, it is thought 
3 
that the band gap fluorescence properties are inhibited. From the reasons mentioned 
above, it has become a big subject to make the aforementioned energy level inactive to 
obtain the band gap fluorescence is brought out. It is one example to coat the NC 
surface with another inorganic material to eliminate the surface states that act as a 
recombination centre. A PL intensity increase was then achieved by forming core-shell 
structures, i.e., coating the NC surface with a wider band gap semiconductor, such as 
CdSe/ZnS,38 CdSe/CdS,39 CdS/Cd(OH)2
27 and CdS/HgS/CdS.40,41 Such structure 
moreover facilitates confinement of the photoexciton states in the core. II-VI 
semiconductors exhibit additional peculiar property. However, the current method for 
preparing the core-shell particles requires usually high-class techniques with severe 
reaction conditions. 
 
4 
The Present Works 
 
In order to use the semiconductor NC as a fluorescence material for biolabeling, 
it is necssary to have high fluorescence properties in neutral pH area. I have developed a 
simple synthesis method of highly luminescent CdS NCs in mild condition, and 
combined size-selective photoetching technique. The CdS NCs was modified and 
coated to be suitable biolabeling. 
 
This thesis consists of three chapters. In chapter 1, it is described that a simple 
method to prepare highly photoluminescent CdS NCs in aqueous solution at room 
temperature, and one-step modification of the luminescent CdS NCs by cationic 
surfactant without any high PL, inducing spontaneous phase transfer reactions. In 
chapter 2, the reaction mechanisms inducing PL of CdS NCs were shown. Also some 
improvement of the reaction was described. Then, the multicolored NCs were 
synthesized by combining size-selective photoetching technique. In chapter 3, the ways 
to coat highly luminescent CdS NCs by alkyl amine/ammonium and polymer were 
described. These have been done in order to linking biological molecular and preventing 
pH dependency. The photostability of the coated CdS NCs in aqueous solution is 
suitable for biological application such as biolabeling. 
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Chapter 1 
Preparation and Surface Modification of 
Photoluminescent CdS Nanocrystals 
 
1.1  Introduction 
 
The typical properties of NCs allow us to tune the NCs photoluminescent color 
and intensity by appropriately tuning their particle size and surface modification. In 
most cases, however, the preparation technique is quite complicated due to difficulties 
in controlling the shell thickness, or the NC solution requires a stabilizer to prevent 
particles coalescence.  
Modification of the NC surface can alternatively be achieved by employing 
organic molecules. For practical use, the surface-coated NCs indicating hydrophobic 
property can readily be utilized in preparing organic based nanocomposite 
materials.14,42,43 This surface modification is easily confirmed by monitoring the surface 
hydrophilicity and hydrophobicity. For example, the NCs modified by octadecanethiol44 
or alkylammonium surfactants31,45,46 were extracted from an aqueous to an organic 
solution. Polymers having charged groups47 or aliphatic chains48 are used for 
transferring NCs between aqueous and non-polar solvents. In general, however, these 
functional groups largely reduce the PL intensity. Ideally the properties optimized in the 
aqueous solution are maintained or enhanced even after the surface modification.  
In this chapter, I present a facile method to prepare highly photoluminescent 
CdS NCs in aqueous solution at room temperature and modification of the luminescent 
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CdS NCs by alkylamine as an alternative candidate for the surface coating agent, 
altering the surface hydrophilic property to hydrophobic without any high PL intensity 
loss. My methods show the surface modification is achieved by adjusting only the 
solution pH to 11 and leaving the solution under relatively weak light. Further 
modification to control the surface hydrophobicity can be achieved by mixing the NCs 
with a suitable organic functional material, inducing spontaneous phase transfer 
reactions. 
 
1.2  Experimental Section 
  
 An aqueous CdS colloidal solution was prepared by mixing 0.2 mmol 
Cd(ClO4)2 and 0.2 mmol H2S gas in 1 dm
3 aqueous solution containing 0.1 mmol 
(NaPO3)6 stabilizing material, with the size-selective photoetching appropriately 
investigated.34,35 After vigorously stirring the solution for 1 h, the CdS was coated with 
mercaptopropionic acid (0.57 mmol) and thoroughly washed with pure water. The 
resulting solution was filtered in an ultrafilter membrane (YM10, MWCO 10000) to 
remove (NaPO3)6 and other dissolved materials. The pH of the solution was adjusted to 
11 using NaOH, this causes the NCs to be flocculated from the solvent, and 
subsequently the PL intensity increased. 
Phase transfer reactions of the photoluminescent CdS NCs were performed by 
coating the surface with alkylamines at a water–oil interface. Hexylamine (0.2 ml, 
Wako Pure Chemical Ind.) and hexane (2 ml) were added to the 2 ml aqueous solution 
containing CdS precipitation. Two different phases were immediately formed; the upper 
hexane phase and the lower water phase, and then the solution was vigorously agitated 
for a few minutes. 
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1.3  Results and Discussion 
1.3.1 PL of Flocculant CdS NCs 
The PL of CdS aqueous solution added NaOH increase was actually found to 
progress daily. Figure 1-1 shows an emission spectral change. After 21 days, the 
emission reached a maximum and is steadily maintained for at least three months. 
Further investigation indicated that this increase was accelerated by light irradiation, as 
shown in Figure 1-2. The emission reaches the maximum approximately 4 days after the 
NaOH treatment.  
The formation of CdS flocculants strongly suggest that mercaptopropionic acid 
adsorbed on CdS NCs are desorbed upon room light irradiation. At the same time, 
strongly photoluminescent CdS/Cd(OH)2 may form as suggested by Henglein et al.
27 
The negative charges on the crystal surfaces probably prevent coalescence of NCs in the 
absence of any stabilizing material, resulting in no electronic interaction between NCs, 
thereby producing the high emission intensity. Investigations clarifying this reaction 
mechanism in addition to identifying structure of the resultant NCs are described in the 
chapter 2. 
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Figure 1-1. Emission spectra obtained after NaOH addition. 
 
 
 
Figure 1-2. Emission growth profiles under room light irradiation (○: first batch, 
▽: second batch) and in dark (□). 
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1.3.2 Multicolored Photoluminescent CdS Flocculants 
My preparation method of the photoluminescent CdS can be applied to obtain 
multi-colored NCs by controlling a particle size. The size control can readily be 
achieved by using the size-selective photoetching technique,34,35 which is capable of 
producing a desired particle size. After preparation of CdS NCs in aqueous solution 
containing (NaPO3)6, 0.05 mmol of methyl viologen is dissolved, followed by O2 
bubbling for 10 min. The methyl viologen works as an electron quencher for 
accelerating the photoetching. The solution is irradiated with monochromatic Ar+ laser 
light. An absorption spectrum of the original solution shows absorption due to CdS NCs 
with an onset at 520 nm. When light at wavelengths below the onset is used, a 
photoetching reaction occurs, resulting in smaller CdS NCs and blue-shift of the 
absorption onset. When the onset wavelength reaches the same as the laser wavelength, 
the photoetching ceases. The reaction completed in ca. 30 min when 476 nm (30 mW) 
and 457.9 nm (15 mW) laser lines were employed. Following the alkaline treatment, the 
flocculant photoluminescent NCs are shown in Figure 1-3. The quantum yield (QY) 
estimated by comparing the emission spectra with that obtained for quinine sulfate (QY 
= 54.6%) indicates greater than 30%, which are sufficiently high for practical 
application as fluorescent markers. 
 
1.3.3 Phase Transfer Reaction 
Prior to the amine addition, the CdS was identified in the aqueous phase, see 
Figure 1-4(a). The left photograph was taken in room light whereas the green light 
emission in the right photograph was observed under UV light irradiation. As discussed 
above, the PL was observed near the bottom of the test tube due to the particle 
10 
 
 
 
 
Figure 1-3. Original CdS flocculants (c) and the NCs photoetched at 457.9 nm (a) 
and 476 nm (b). 
 
 
(a)              (b) 
   
 
 
Figure 1-4. Photographs of the phase transfer processes. (a) Initially the CdS NCs 
are located at the lower phase. (b) Hexylamine addition results in transfer of the NCs 
to the hexane solution. 
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flocculation. After hexylamine was added into the solution, the NCs were remarkably 
transferred to the hexane phase as displayed in Figure 1-4(b). The bright luminescence 
was maintained even after the phase transfer reaction. The fact that the flocculent CdS 
can be dispersed in hexane indicates the absence of any strong bond between NCs in the 
flocculent region. The CdS NCs dispersed in hexane can be used for solid state PL 
devices, for example the CdS in powder form strongly emits luminescence when hexane 
was completely dried as displayed in Figure 1-5. 
 The multi-color luminescent CdS in aqueous solutions can be prepared in 
combination with the size-selective photoetching technique.34,35 These colors selected 
NCs can also be transferred into the hexane by the amine addition (see Figure 1-6). The 
extracted CdS can readily be used for several direct applications such as multi-color 
light emitting diodes or lasers. 
(a)         (b) 
 
 
Figure 1-5. The completely dried CdS NCs in powder form (a) under room light, and 
(b) under UV light irradiation. 
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Figure 1-7 compares the optical properties of the CdS photoetched at 450 nm. 
The NCs capped with mercaptopropionic acid (spectra a) clearly indicate complete 
luminescence quenching. This is in agreement with the results reported by Bawendi et 
al.49 that the thiol attachment on the surface modifies the electronic states, resulting in 
charge trapping to quench the luminescence. I have then obtained bright 
photoluminescent NCs by adding NaOH to this solution (emission spectrum b). 
Subsequently, the phase transfer results in the NCs dispersed in hexane (spectra c). 
Analysis of these spectra revealed the phase transfer efficiency of ca.100%. In addition, 
the absorption and emission spectral shapes are almost identical before and after the 
phase transfer, implying no modulation in the CdS electronic states, i.e. the amine does 
not interact with the surface. This is not consistent with the results obtained by 
McLendon et al.50 where the amines binding to the NC results in their absorption and 
emission spectral shape change. Note that slight improvement of the PL intensity after 
(a)             (b)  
    
 
Figure 1-6. The phase transfer reaction of blue color emitting CdS NCs obtained 
after photoetching at 450 nm (a). Non-etched CdS NCs emitting green color light 
before and after the phase transfer (b). The photographs were obtained under the 
black light irradiation. 
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Figure 1-7. Absorption (A) and emission (B) spectra of the CdS NCs capped with 
mercaptopropionic acid (a). For photoluminescent CdS dispersed in the aqueous 
solution after NaOH addition (b). For the hexylamine capped CdS in 2 ml hexane 
after the phase transfer (c). After the phase transfer to 1 ml hexane (d). 
 
the phase transfer was observed (compare spectra b and c). This is probably due to less 
impurity, such as thiols or ions, in hexane since these impurities may partially interact 
with the CdS.5 
14 
 The phase transfer was further investigated by using amines with a different 
alkyl length as indicated in Table 1-1. When propylamine was used, a phase transfer did 
not proceed, indicating that the capped CdS surface possesses relatively strong 
hydrophilicity. In contrast, when dodecylamine was used, the NCs were assembled at 
the water–hexane interface. Addition of methanol assisted the transfer from the interface 
to the hexane phase with a yield of ca.100%. This is probably due to difficulty in 
forming the NCs fully capped by the amine with a longer alkyl chain at the interface. 
The methanol addition improves the dodecylamine solvation in the aqueous phase, 
assisting the amine attachment at the interface. Thus, this study demonstrates that the 
surface hydrophobicity can easily be controlled by the alkyl length of the amine.  
 
Table 1-1. Amine alkyl length dependence on phase transfer yield 
Amine type Phase transfer yield / % 
Propylamine  0 
Hexylamine  ~100 
Dodecylamine  ~100 (with methanol addition) 
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Chapter 2 
Controlling Surface Reactions of CdS Nanocrystals: 
Photoluminescence Activation, Photoetching and 
Photostability under Light Irradiation 
 
2.1  Introduction 
 
The NC PL can be activated in the aqueous phase, namely by controlling the 
surface states of the NCs.27,50-54 For example, Henglein et al. performed the first useful 
consistent studies, reporting that the CdS PL activation was achieved by adding excess 
Cd2+ ions into the NC aqueous solution at pH 10.5.27 This was explained in terms of the 
PL activation originating from the formation of Cd(OH)2 on the CdS surface; however, 
direct evidence of such formation has not been reported. Another way to activate PL of 
the NCs is light irradiation. There have been some reports regarding PL activation of 
CdSe NCs prepared from TOP/TOPO solution.51,55-58 It was found in chapter 1 that PL 
of CdS prepared in an aqueous solution was activated without an excess volume of Cd2+ 
ions but under light irradiation. I moreover identified that even CdS precipitate can be 
activated and separated as individual PL particles. 
The aforementioned size-selective photoetching technique and PL activation 
occur under exposure of the CdS NCs to light, with an appropriate solution pH control. 
However, the relationship between the photoactivation and the photoetching, including 
the detailed reaction mechanisms, has not been clarified to date. Interpretation of these 
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mechanisms is inevitably important for elucidating the role of the surface states and the 
surface reaction, possibly contributing to further PL improvement and stability. 
This chapter reports light-induced surface modification of CdS NCs 
synthesized in an aqueous phase, particularly focusing on photoactivation, photoetching 
and photostability of the NCs. The photoactivation behavior of the CdS NCs will be 
discussed and the plausible mechanism of the activation will be shown, based on XPS 
data. Additionally, the factors influencing PL intensity, photoetching and photostability 
under light irradiation will be considered. 
 
2.2  Experimental Section 
2.2.1 Materials and Methods 
 Methyl viologen dichloride and Cd(ClO4)2 were purchased from Tokyo 
Chemical Industry and Mitsuwa Pure Chemicals, Japan, respectively. CdS bulk powder 
were purchased from Nacalai Tesque, Inc., Japan. CdO (99.99 % pure) and Cd(OH)2 
(98 % pure) were purchased from Aldrich. Other chemicals used in this study were 
purchased from Wako Pure Chemical Industries, Japan. Ultrapure water from a 
Millipore Milli-Q system was used for the CdS NC synthesis. Optical measurements 
were performed with a UV/vis absorption spectrometer (Hitachi U-3010 or Shimadzu 
MultiSpec-1500) and an emission spectrometer (Hitachi F-4500 or Hitachi F-2500). 
Emission spectra were measured with 350 nm excitation.  
 
2.2.2. Synthesis of CdS NCs 
 A CdS solution was prepared by injecting 0.2 mmol H2S gas or Na2S aqueous 
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solution into 1 dm3 aqueous solution containing 0.2 mmol Cd(ClO4)2 and 0.1 mmol 
(NaPO3)6 as a stabilizer. Employing either H2S gas or Na2S aqueous solution for the 
CdS synthesis appeared to make no significant difference according to the NC 
absorption spectra. The prepared NC size was approximately 7 nm on average, 
determined by TEM observation. After vigorously stirring for several hours, 0.57 mmol 
mercaptopropionic acid (MPA) or 2-mercaptoethane sulfonic acid sodium salt (MESNa) 
was added to coat the surface of yellowish NCs. The NCs were then washed with pure 
water through an ultrafilter membrane (YM10, MWCO 10000) to remove (NaPO3)6 and 
other dissolved materials, thereby resulting in pure MPA or MES-capped NC aqueous 
solution. The CdS solution was concentrated to 10 ml. In some cases, the NC size was 
appropriately controlled by the size-selective photoetching technique34-36 prior to the 
surface capping procedure by the MPA or MESNa. 
 
2.2.3. XPS (X-ray Photoelectron Spectroscopy) Measurements 
An Au thin film, predominantly possessing (111) crystal surface, was prepared 
by vacuum evaporation on a heated mica.59-62 The Au was evaporated for 15 minutes 
with a rate of about 0.3 nm/s while the mica was heated at 280 ºC after the internal 
pressure reached 5.0 × 10-6 Torr, resulting in an Au film thickness of approximately 300 
nm. 2-mercaptoethane sulfonic acid (2-MES) assembled monolayer on an Au mica was 
prepared by dipping the Au mica in 1 mM 2-MESNa aqueous solution for 6 hours. The 
2-MES-capped CdS NC aqueous solution was dropped on the Au (111)–mica substrate 
and dried in a vacuum for 6 hours. CdS bulk powder was etched in 1 M H2SO4 aqueous 
solution over night. CdO and Cd(OH)2 used without further purification. These powder 
samples were placed on top of a XPS sample holder. The spectra were obtained using 
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an x-ray photoelectron spectrometer (Shimadzu, Axis His 165 Ultra). The main peak in 
C1S region (284.8 eV) was used as a reference. 
 
2.3  Results 
2.3.1 CdS PL Activation 
 CdS NC PL can gradually be activated under light irradiation.51,55-57 I 
demonstrated in chapter 1 that adjusting the pH of the aqueous solution to 11 with 
NaOH resulted in flocculation of CdS NCs; however, the flocculant NC PL was slowly 
activated as time progressed. I have extended this study using an ammonia aqueous 
solution to investigate the relationship between the additive and the PL intensity. In 
contrast to the appearance of the NC flocculation treated in NaOH, I found that the NCs 
were clearly dissolved in NH3 aqueous solution. Figure 2-1(B) shows a typical example 
of PL activation resulting after addition of NH3 aqueous solution to the thiol-capped 
NCs solution in air. During the activation reaction, the absorption amplitude decreased 
as shown in Figure 2-1(A). This amplitude decrease may be caused by a decrease in the 
number of NCs, as Matsumoto et al. reported that the total number of CdS NCs 
decreases during photo-corrosion.63 Figure 2-2 shows a photograph of the CdS with two 
different crystal sizes dissolved in NH3 aqueous solution after reaching the maximum 
PL intensity. Bright emission of blue color, smaller NCs, and green color, larger NCs, is 
clearly seen under black light (UV light) irradiation. The blue NC was prepared by 
size-selective photoetching using light from a Xe lamp light source through a >460 nm 
long wavelength pass filter. 
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Figure 2-1. CdS absorption (A) and emission (B) spectra after the NCs were 
dissolved in the NH3 aqueous solution under room light: (a) just after dissolution, (b) 
after 1 day, (c) after 4 days and (d) after 7 days. 
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 Based on the PL activation, I considered three parameters influencing the PL 
intensity: oxygen, light and solution pH. Figure 2-3 indicates the activation of CdS NC 
PL in NH3 aqueous solution (4 ml) under room light. The CdS solution was bubbled 
with O2, air and N2 gas, respectively, before exposing the sample to room light. Under a 
N2 atmosphere, negligible change in the PL intensity was observed. In contrast, the 
intensity was remarkably increased when O2 was introduced into the solution. A slight 
increase with a slow reaction response was observed for the CdS solution in air. The 
experiments were also performed by exposing the CdS solution directly to room light or 
UV light (black light) in air. In each case, the light intensity was estimated to be  
 
 
Figure 2-2. CdS NCs dissolved in NH3 aqueous solution. 
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approximately 20 µW cm-2.4 The obtained results are shown in Figure 2-4, exhibiting 
acceleration of PL enhancement under UV light irradiation compared to room light 
irradiation. Interestingly, under the UV light, the initial slow response for the increase in 
PL was observed, implying that at least two different types of reaction occur on the CdS 
surface (see below for the detailed discussion). 
 The reaction involving the PL activation was further investigated for the 
wavelength dependence of the irradiated light. An Ar+ laser with a wavelength tunable 
unit (Ion Laser Technology, model 5500A) was used to expose the sample to 
monochromatic light. Figure 2-5(a) shows the change in PL intensity as a function of 
Ar+ laser irradiation time; the irradiated wavelength was 458, 473, 488, 501 or 514 nm. 
Upon irradiation at <488 nm, the PL intensity linearly increased as a function of the 
 
Figure 2-3. Increase in CdS PL intensity under room light irradiation. During the 
reaction, the NCs were exposed in O2 (open circle), air (open inverted triangle) and 
N2 (open square) atmosphere, respectively. 
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irradiation time, while the intensity increase with 458 nm irradiation was almost 
saturated after 30 min. In contrast, the intensity was unchanged under irradiation at 
>501 nm. For correlating these wavelength dependent data, the increase in PL intensity 
was divided by the number of photons exposed to the sample, as shown in Figure 2-5(b), 
i.e. the increase in PL intensity was normalized as a reaction per photon. The 
absorptance (light absorbing probability) calculated from the CdS absorption spectrum 
is also shown. The wavelength dependent normalized PL activation is almost identical 
to the CdS absorptance spectrum, indicating that the photoexcitation of CdS is 
necessary for the increase in PL. This result also indicates that the PL activation rate is 
dependent on the number of absorbed photons but independent of the energy of the 
photon.  
 
Figure 2-4. Increase in CdS PL intensity in air. During the reaction, the NCs solution 
was exposed to UV light (black light, open circle) or room light irradiation (open 
inverted triangle). 
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Figure 2-5. (a) Increase in CdS PL intensity in O2 atmosphere as a function of the 
Ar+ laser irradiation time. The wavelength of the irradiated light was 458 (open 
triangle), 473 (open circle), 488 (open inverted triangle), 501 (open square) or 514 
(open Diamond) nm. (b) Increased PL intensity divided by the number of photons 
irradiated for 30 minutes as a function of the irradiating wavelength (open circle). 
The solid line indicates the absorptance (light absorption ratio) calculated from the 
CdS solution absorption spectrum. 
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Figure 2-6. Dependence of solution pH on increase in CdS PL intensity under UV 
light (black light) irradiation in the presence of oxygen in the aqueous solution. The 
emission intensity was monitored at 460 nm. 
 The investigation was further extended to dependence on the solution pH. The 
photo-reaction was performed under UV light (black light) irradiation in the presence of 
oxygen, and solution pH was adjusted with aqueous solutions of NaOH and HCl. Figure 
2-6 shows the saturated PL intensity reached after the photoactivation as a function of 
solution pH, clearly exhibiting that pH 11 is the most suitable for the photoactivation. I 
therefore conclude that activation of the CdS NC PL is associated with the 
photochemical reaction between the excited charges and the dissolved oxygen in the 
aqueous solution with the appropriate pH of 11, following the CdS photoexcitation.  
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Figure 2-7. XPS spectra in S2p region, obtained for bulk CdS (a) and 2-MES attached 
on the Au substrate (b). 
 
2.3.2. Surface Characterization by XPS Measurements for PL Activation 
 Figure 2-7(a) shows XPS spectrum in S2p region, obtained for CdS bulk powder. 
A peak at about 162 eV is assigned to a binding energy originating from a Cd-S bond, 
in accordance with the previous reports.64,65 The data obtained for 2-MES attached Au 
also exhibited a peak at 162 eV, and moreover indicated a peak at 168 eV (Figure 
2-7(b)). Since previous studies assigned a binding energy of 168 eV to a S-O bond,64,65 
the peaks at 162 and 168 eV probably correspond to binding energy of Au-S and S-O 
bonds, respectively.  
After the photochemical reaction, the CdS surface was characterized in order to 
relate it to the PL activation. Figure 2-8(a) shows the spectra in the S2p region for the 
CdS samples prepared after the addition of thiol and adjustment of the solution pH to 11 
for PL activation. For the activated samples, the PL intensities were adjusted to 10, 50 
and 120 a.u. in the emission spectrometer (see Figure 2-1 for the scale comparison). The 
peaks at 162 and 168 eV can be assigned to the binding energies originating from the 
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Cd–S and S–O bonds, respectively. Therefore, the peak at 168 eV originates from the 
S–O bond of 2-MES attached to the CdS surface. In contrast, the peak at 162 eV 
corresponding to the Cd–S bond may result from sulfur in the thiol binding to the NC 
or/and sulfur inside the NC.  
 Both peaks at 162 and 168 eV in Figures 2-8(a) and (b) show that the 
photoelectron intensity decreased with increasing PL intensity. However, these 
decreasing tendencies were slightly different, as shown in Figure 2-8(c). The peak at 
168 eV sharply decreased to the background level when the CdS NCs were activated 
(Figure 2-8(b)), indicating that 2-MES detached from the CdS surface during the 
activation process. This desorption reaction is plausible, as the thiol molecules are 
known to create trap states which decrease the PL intensity. In contrast, the peak at 162 
eV was halved when the NCs were activated. This peak decreased even further with the 
increase in PL intensity. This observation indicates that the Cd–S bond intensity also 
monitors the contribution inside the NC, and the amount of CdS on the NC surface 
decreases as the PL intensity increases.  
 The XPS investigation was further performed for the CdMNN Auger region to 
monitor the photochemical reaction on the CdS surface. XPS spectra observed for bulk 
Cd(OH)2, CdS and CdO in CdMNN Auger region are shown in Figure 2-9. The peaks 
appeared at 879.2, 878.1 and 876.6 eV from Cd(OH)2, CdS and CdO, respectively, 
essentially agree with the data reported by Niles et al.66 Figure 2-10 shows the results 
obtained for the samples subjected to the same experiment shown in Figure 2-8. On 
activating the NCs, the peaks shifted to a higher binding energy. This shift can be 
clearly analyzed by magnifying the spectra in the 875–882 eV region (see Figure 
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2-10(b)). Just after addition of the thiol molecules to the NC solution, the peak was 
located at 878.1 eV. However, this gradually shifted towards 879.2 eV with the increase 
in PL intensity. These results clearly suggest that the activation of the NCs or the 
increase in PL intensity correlates with the formation of Cd–OH.  
 
 
Figure 2-8. Time course change in XPS spectra of PL CdS NCs in an O2 atmosphere 
under room light. The solid lines indicate spectra for the CdS NC obtained after the 
addition of thiol. PL activation was initiated by adjusting the pH of the solution to 
11. The XPS spectra were observed for the CdS NC samples exhibiting PL peak 
intensities of 0 (▪▪▪▪▪▪▪▪▪), 10 (▬ ▬ ▬), 50 (▬▪▪▬) and 120 (▬▬ ▬▬). (a) 
Spectra in S2p region. (b) Spectra expanded for the S-O bond region. (c) Change in 
photoelectron intensity as a function of the increase in PL intensity. The filled circle 
exhibits the profile for 162 eV while the 168 eV profile is shown as an open circle. 
(a) (b) 
(c) 
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Figure 2-9. XPS spectra in CdMNN Auger region measured for bulk Cd(OH)2 (solid 
line), CdS (broken line) and CdO (dotted line).  
 
2.3.3 Photoetching 
 Depending on pH conditions, the photoetching reaction is dominant over 
photoactivation. For example, the rate of photoetching increases with decreasing pH of 
the solution from 11 to 6,34 while the photoactivation decreases as shown in Figure 2-6. 
This pH control also introduces an attractive method by which the NC size can first be 
adjusted by the photoetching, and then photoactivated, resulting in even multicolored 
PL NCs. Figure 2-11 shows absorption and emission spectra of the multi-colored PL 
NCs obtained by this method. The emission peak position is almost identical to the 
absorption edge wavelength that is indicative of band gap emission for all 
size-controlled NCs. Moreover, the emission band width is extremely narrow; the full 
width at half maximum (FWHM) in fluorescence spectra is 25–30 nm. Note that the 
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Figure 2-10. XPS spectra in CdMNN Auger region, obtained for PL CdS NCs. The 
sample preparation condition were the same as in the caption for Figure 2-8. The 
spectra were obtained after the thiol molecules were added to the CdS solution 
(▬▬▬), the solution pH was adjusted to 11 (▪▪▪▪▪▪▪▪▪), and the PL intensity reached 
10 (▬ ▬ ▬), 50 (▬▪▪▬) and 120 (▬▬ ▬▬) in the emission spectrometer (a). (b) 
Expanded spectra for the binding energy 875-882 eV. 
 
(a) 
(b) 
Cd MNN Auger 
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absorption amplitude decreases when a lower wavelength is chosen for the photoetching 
(see Figure 2-11). This is a result of the decrease in absolute volume of the NCs. The 
large volume change is expected after the photoetching process, as the solution initially 
contains a wide variety of size distributions.63 
 
2.3.4. Photostability 
 The stability of the highly PL NCs was measured under light irradiation at 350 
nm (excitation intensity about 2 mW cm-2). The experiment was also performed for the 
NCs in a nonpolar phase to investigate the influence of water. For this purpose, the NCs 
were transferred to hexane solution using tridodecylmethylammonium chloride 
following chapter 1. As shown by plot series (b) in Figure 2-12, the PL gradually 
decreases in the aqueous solution, suggesting photocorrosion of the NC. Plot series (a) 
in Figure 2-12 indicates photostability of the NCs extracted to the hexane solution. In 
this case, the PL intensity gradually decreased (a1); however, the intensity was 
remarkably recovered after the sample was left in the dark for 2.5 h (a2). These results 
imply that a reversible reaction occurs without degradation in the hexane solution. 
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Figure 2-11. (A) Absorption and (B) emission spectra of size-selectively 
photoetched CdS NCs followed by the photoactivation: (a) original CdS (not 
photoetched), and photoetched at (b) >500 nm, (c) >480 nm, (d) >460 nm, (e) >440 
nm and (f) >420 nm. The photoetching was performed using a 500 W Hg Lamp 
(Ushio SX-UI 500HQ) and various high wavelength pass filters. 
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Figure 2-12. Change in PL intensity of the NCs as a function of UV light irradiation 
time. The light stability was observed for the NCs in NH3 aqueous solution (b) and in 
hexane, extracted by tridodecylmethylammonium chloride (first irradiation a1, 
second irradiation a2).  
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2.4  Discussion 
2.4.1. Photoetching versus PL Activation 
 Highly PL NCs were obtained in the alkaline aqueous solution (pH = 11). 
Figure 2-1 indicates that the PL intensity was gradually activated when the sample was 
left under room light. I demonstrated that this increase in emission was dependent on 
the excitation wavelength relating to the absorption spectrum of the CdS NC solution 
(see Figure 2-5). In contrast, no activation in the PL intensity was observed when the 
sample was left in the dark. Therefore, the light excitation of the CdS NCs is one of the 
key parameters for activating the NCs.  
As shown in Figure 2-12(b), however, UV light irradiation decreased the PL 
intensity even in alkaline NH3 solution. The photocorrosion reactions were obtained 
when a strong light power was employed for the same solution pH, i.e. the absorption 
amplitude rapidly decreases due to the acceleration of the surface reaction. These results 
revealed that the light-induced surface reaction controls a corrosion reaction and 
maximum PL intensity, i.e. in order to obtain maximum PL intensity, adjustment of the 
excitation intensity is required since strong PL NCs are obtained from Cd–OH 
formation with the slow surface photoreaction. 
Photostable NCs are readily obtained by the phase transfer reaction. Figure 
2-12(a) shows remarkable stability for the NCs extracted by the ammonium salt. The 
recovery of PL after the period in the dark confirms that the photocorrosion reaction 
requires water. Moreover, the PL intensity for the NCs in hexane has been unchanged 
for several months. The NCs can therefore be stored in the non-polar solvent once they 
have been tuned for the emission color and intensity in the aqueous solution. 
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2.4.2. Mechanism of PL Activation by Light Irradiation 
 From the XPS measurements, PL activation clearly correlates with the 
desorption of thiol molecules from the CdS surface and the formation of Cd–OH. These 
two sequential processes may reflect the initial slow and the following fast 
photoactivation processes shown in Figure 2-4. As has been revealed by extensive 
studies on thiol-adsorbed metal electrodes, the desorption of thiol from the electrode 
surface occurs by electrochemical oxidation in an aqueous solution.67-70 Therefore, the 
detachment of thiol molecules from the CdS NC surface can be associated with the 
reaction with photogenerated holes. 
 The PL activation is accelerated when oxygen is present in the aqueous 
solution. This condition is similar to that causing photocorrosion according to previous 
reports.71,72 Based on the above results with other previous reports, I propose a 
mechanism explaining the PL activation in the presence of oxygen under light 
irradiation, as summarized in Scheme 2-1. In this scheme, the electrons are scavenged 
by oxygen after light excitation.73 In contrast, the oxidation occurs of the adsorbed thiol 
molecules by the generated hole with H2O
67-70 and of CdS by the generated hole with O2 
and H2O,
27,73 resulting in the desorption of thiol and the release of Cd2+ ions. After these 
reactions, the competition between the additional photocorrosion and Cd–OH formation 
occurs in the solution with pH 11. This formation is further supported by the Pourbaix 
diagram.74 According to the diagram, the formation of Cd–OH with the released Cd2+ 
ions is favored in solutions with higher pH. 
 Immediately after Cd–OH formation occurred following thiol desorption, the 
PL intensity significantly increased (see Figure 2-8(c)). This suggests that the formation 
of Cd–OH results in removal of the CdS surface trap states, enhancing the PL intensity. 
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Scheme 2-1. Mechanism of the photoactivation reaction occurring on the CdS NC 
surface. 
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As the surface modification proceeds, the PL intensity increase gradually saturates 
(Figure 2-3), indicating that most of the trap states were removed.  
As discussed above, Henglein et al. reported the activation of CdS NCs 
originating from CdS/CdOH formation. In contrast, Jang et al. reported that CdO 
formation on the CdS surface, confirmed by XPS measurements, is necessary for 
obtaining high PL intensity; however, the CdS NCs were synthesized in a non-aqueous 
solution and not in an aqueous phase as in my method.54 This study has clearly proved 
the formation of Cd–OH from the XPS measurements, and the formation process is 
similar to Henglein’s method as the excess Cd2+ condition can be introduced by the 
weak surface photocorrosion in my case. I thus propose an alternative NCs activation 
method using the light excitation. 
 
2.4.3 NC Photostability 
 To avoid the PL decrease, coating the NC with another semiconducting 
material, i.e. formation of a core–shell structure such as CdSe/CdS,39,75 CdSe/ZnS,38,76 
CdS/HgS/CdS40,41 or CdS/ZnS,21 is usually done. Alternatively, thiol capping molecules 
were employed to coat on the CdTe surface, simultaneously forming a CdTe/CdS 
core–shell structure.30 In this study, I have demonstrated that the phase transfer reaction 
is observed by employing ammonium salts.  
The phase transfer process should originate from a hydrophobic–hydrophilic 
property change of the CdS surface. Since the NCs were initially located in an aqueous 
solution the surface must be hydrophilic. In turn, when the CdS surface is coated with 
the alkyl chain molecules with an amine or ammonium cation functional group, the 
particle surface should be hydrophobic, inducing the phase transfer reaction. The 
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formation of inverse micelles by cationic surfactant molecules in the hexane phase 
could be an alternative mechanism. The small amount of water phase containing the 
NCs may be confined inside the micelle. However, I do not favor this second case. If 
inverse micelles were formed, the uncapped NCs that cannot be dissolved in hexane 
would appear upon drying. Contrary to this prediction, I see that the particles could 
easily be re-dissolved in hexane after the transferred NCs were completely dried. In 
addition, the re-dissolved NCs exhibited identical optical absorption and emission 
spectra to those obtained immediately after the phase transfer. Furthermore, the 
transferred CdS solution could be diluted with hexane. No aggregation or flocculation 
was observed even if the solution was diluted by a factor of 100, eliminating the 
possibility of the micelle formation. I therefore conclude that each NC is coated by the 
surfactant molecules at the interface and transferred into the non-polar solvent. 
 The photostability of CdS NCs was remarkably improved when the NCs were 
located in a non-polar solvent. As described by the above and a previous report,73 O2 
and H2O are involved in the CdS photocorrosion reaction mechanism. In a non-polar 
solvent, the dissolved concentration of both O2 and H2O can be low, and thus electron 
and hole transfer reactions were precluded, resulting in stable CdS NCs with strong PL 
intensity. 
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Chapter 3 
Polyacrylic Acid Coating of Highly Luminescent CdS 
Nanocrystals for Biological Labeling Applications 
 
3.1  Introduction 
 
 NC has been applied as a biological labeling material by linking with the 
biological molecule, i.e. cell labeling9,77 or nucleotide detecting probe.6 Since the 
labeling is confirmed by the fluorescence color and intensity, they are expected to be 
stable under the experimental environment. In the biological environment, the NCs are 
usually labeled and probed in neutral pH range,9,11,23 however the previous reports 
revealed that the pH influences their PL intensity. For example, CdS NCs in an aqueous 
solution can be photoactivated by adjusting the pH to 11 while the PL intensity 
decreases under an acidic condition.27 The similar pH dependence was reported for 
(CdSe)ZnS78 and CdTe.30,79,80 From these previous studies, it is plausible to consider 
that the NC surface reaction with H+ or OH- influences the surface electronic states, 
resulting in the PL intensity change. Therefore, the surface coating is required to prevent 
this surface reaction. 
The NC surface coating is also expected to form the linkage between the NC 
and the biological molecule. Intensive studies have focused on investigating the linkage 
ability of the coating materials such as thiol,44,81,82 polyethylene glycol (PEG)83 and 
polyacrylic acid (PAA).9,77,84-86 In particular, the coating methods using the PAA have 
widely been employed to combine with a biological substance such as a cell or a 
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protein.9,77,86 However, the NCs employed for this application were synthesized in 
TOP/TOPO. This synthetic method is attractive since the nanocrystalline size can be 
finely tuned, although this synthesis requires a high temperature reaction. In contrast, in 
an aqueous phase, the synthetic reaction, e.g. CdS27-29,83,87 and CdTe30,32 occurs under 
mild conditions, e.g. at ambient temperature and pressure. Also, the size of the NCs 
prepared in an aqueous solution can be adjusted by the size-selective photoetching 
technique. Thus, the PAA coating method using the NCs synthesized in an aqueous 
solution is required to be established for further applications. Moreover, clarifying the 
pH dependence on the PL intensity of the PAA coated NCs is inevitably important for 
application to the biological labeling. 
 In this chapter, I demonstrate the methods to modify CdS NCs with cationic 
surfactant and PAA, and the pH dependence on the PL intensity of the PAA coated NCs. 
As shown in Scheme 3-1, I attempted to prepare the PAA coated NCs by two 
consecutive steps. The NCs were prepared in aqueous solution, and subsequently 
modified by cationic surfactant, inducing a phase transfer reaction. The transferred NCs 
were finally coated by the PAA, and dispersed in an aqueous solution. 
 
3.2  Materials and Methods 
 
 Trioctadecylmethylammonium bromide (TODA) was purchased from 
SIGMA-ALDRICH Corp. Chloroform, tetrahydrofuran (THF), octadecylamine (ODA), 
PAA (average molecular weight: 5000), ethylenediamine (EDA), and 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were purchased from Wako 
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Pure Chemicals Industries. Optical measurements were performed by a UV/Vis 
absorption spectrometer (Hitachi U-3010) and an emission spectrometer (Hitachi 
F-2500). Emission spectra were obtained with 350 nm excitation. 
 PAA coated CdS NCs were prepared following two steps as shown in Scheme 
3-1: 
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Scheme 3-1. Diagram for synthesizing polyacrylic acid (PAA) coated CdS NCs (c). 
The first step generates trioctadecylmethylammonium (TODA) coated NCs (b) from 
the uncoated NCs (a) in aqueous solution using a phase transfer reaction. The second 
step proceeds with a 2nd phase transfer reaction using octadecylamine (ODA) and 
with an additional coating reaction using PAA, ethylenediamine (EDA) and 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). 
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(i). In the first step, the surface of CdS NCs (Scheme 3-1(a)) were modified by alkyl 
chain molecules. The NCs in an aqueous solution were synthesized by the method 
described in chapter 2. The NC surface was modified to induce a phase transfer 
reaction according to chapter 1. The NC aqueous solution was mixed with 1 
mg/ml of TODA in hexane, and vigorously stirred. The resultant solution indicated 
that the yellow NCs was transferred from the lower aqueous phase to the upper 
hexane phase. The PL QY of approximately 30% was attained for the NCs in the 
hexane phase (Scheme 3-1(b)) 
(ii). In the second step, the alkyl chain modified NCs (Scheme 3-1(b)) were further 
modified by hydrophilic polymer to prepare water soluble polymer coated NCs 
(Scheme 3-1(c)). The experiment was performed by referring to the previous 
report.9,77,85,88 The TODA coated NCs were obtained by evaporating hexane, and 
were subsequently added to 2 ml chloroform containing 0.5 mM ODA. The 
solvent of this solution was exchanged for THF by evaporating chloroform. The 
solution was then injected into 10 ml ultra-pure water with stirring. After filtration, 
the resultant NCs were soluble in an aqueous phase, suggesting that ODA interacts 
with the TODA on the NC surface. The NCs aqueous solution, 10 ml, was mixed 
with 50 μl of 0.2 M PAA, and stirred for an hour. Subsequently, 1 μl EDA was 
added and stirred for 10 min, and a cross-linking reaction was initiated by adding 
19.2 mg EDC. During the reaction, the solution was vigorously stirred or 
sometimes sonicated, providing water soluble polymer coated NCs. Dependence 
of solution pH on the PL intensity of the coated NCs was measured by adjusting 
the pH with HCl. 
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Figure 3-1. Absorption and emission spectra before and after the phase transfer 
reaction using tridodecylmethylammonium chloride. (a) aqueous phase before the 
transfer reaction, (b) aqueous phase after the transfer reaction and (c) organic phase 
after the transfer reaction.  
 
3.3  Results and Discussion 
 
 The surface modification of the NCs was studied by using long alkyl molecules 
with a functional group to induce a phase transfer reaction. Figure 3-1 shows the 
absorption and emission spectra prior to and after the phase transfer reaction from the 
aqueous to hexane solution by adding tridodecylmethylammonium chloride. Negligible 
amount of NCs were found in the aqueous solution after the phase transfer since no 
noticeable absorption and emission spectra were observed (see spectrum b), indicating 
an efficient transfer yield using the ammonium salt. Note that slight improvement of the 
PL intensity after the phase transfer was observed (compare spectra a and c). This is 
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Table 3-1. Comparison of phase transfer reactions using a series of surface capping 
agents. ○: CdS found, -: CdS Not found. 
Surface modification reagents
Water
phase
Phase
boundary
Organic
phase
Added
quantity
Propylamine - ○ - 1ml
Hexylamine - - ○ 1ml
Dodecylamine - - ○ 1ml
Octadecylamine - ○ - 1g
Dihexylamine ○ - - <1ml
Trihexylamine ○ - - <1ml
Dodecyltrimethylammonium chloride - ○ - 1mg
Didodecyldimethylammonium chloride - ○ ○ 1mg
Tridodecylmethylammonium chloride - - ○ 1mg
Tetradodecylammonium chloride ○ ○ - 1mg
Hexanol ○ - - <1ml
Chlorohexane ○ - - <1ml
Dodecyl Phosphate ○ - - <1g
Dodecanethiol ○ - - <1ml
Dodecanoic acid ○ - - <1g  
probably due to less impurity, such as ions, in hexane since these impurities may 
partially interact with the CdS. 
 The phase transfer was further investigated by using various surface capping 
agents with a different functional group as indicated in Table 3-1. Most of alkylamines 
and ammonium salts exhibit the ability to attach to the CdS surface inducing the phase 
transition with a yield of ~100%, while alkyl chain molecules with a hydroxyl (alcohol), 
chloro, phosphate, thiol or carboxyl functional group indicate no appreciable interaction. 
These results must suggest that the cation moiety of the amine or ammonium salt 
interact with the CdS surface. Since my previous XPS analysis revealed the existence of 
the Cd-OH bond for the PL CdS as shown chapter 2, the surface tends to possess 
negative charges. Therefore, the electrostatic interaction between the ammonium/amine 
44 
and the CdS allows the alkyl molecules to attach to the NC surface. However, the 
absorption and emission spectra obtained before and after the phase transfer reaction 
revealed almost identical spectral shapes. These results indicate that the attachment of 
these molecules on the CdS surface does not modify the electronic states, i.e. no charge 
transfer reaction is involved in the presence of the amine molecules, although these 
molecules are known to act as electron donors for CdS particles.50,53,89  
 The NCs were assembled at the water-hexane interface when the amine or 
ammonium salt with longer or many alkyl chains were employed. This is probably due 
to difficulty in forming the fully capped NCs. Thus, the phase transfer process should 
originate from a hydrophobic-hydrophilic property change of the CdS surface. Since the 
NCs were initially located in the aqueous solution, there must be a hydrophilic property 
on the surface. In turn, when the CdS surface is modified with the alkyl chain molecules 
with an amine or ammonium cation functional group, the particle surface should 
indicate the hydrophobic property, inducing the phase transfer reaction. The similar 
observation was reported by Weller et al. for CdTe NCs.82 Thus, this study demonstrates 
that the surface hydrophobicity can easily be controlled by the capping agents. 
 Considering the results listed in Table 3-1, TODA was employed as a surface 
capping agent to prepare polymer coated NCs, see the experimental. The resultant PAA 
coated NCs appeared to be stable in an aqueous solution, and their absorption and 
emission spectra are shown in the inset of Figure 3-2. The absorption edge and emission 
peak located at 520 nm are identical to the NCs prior to the phase transfer reaction, 
shown in Figure 3-1, suggesting that the PAA coating does not influence the electronic 
states on the CdS surface. 
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 The pH dependence on the PL intensity was compared for uncoated (Scheme 
3-1(a)) and PAA coated (Scheme 3-1(c)) NCs, as shown in Figure 3-2. The PL intensity 
of the uncoated NCs is almost entirely quenched in a pH range of ~7, in agreement with 
the data reported by Henglein et al.27 In contrast, the PAA coated NCs exhibit moderate 
PL at pH 7, and some NCs emit even below pH 5. These data suggest that the NCs were 
effectively coated by PAA, alkylamine and alkylammonium to prevent the CdS surface 
reaction with H+, facilitating biological labeling application under a neutral condition.  
 The PL stability in an aqueous solution was monitored for the PAA coated NCs. 
Figure 3-3 shows changes in the PL intensity when the coated NCs were maintained in 
an aqueous solution at pH 7 and 10 or containing the PBS buffer (pH 7.4). The PL 
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Figure 3-2. Dependence of solution pH on PL intensity observed for uncoated NCs 
(a) and PAA coated NCs (b) in an aqueous solution. The inset shows absorption and 
emission spectra of the PAA coated NCs. 
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intensity at pH 7 was remarkably stable for at least several days. This result confirms 
that the PAA coated NCs are promising for biological labeling applications under a 
neutral condition. With respect to pH 10, the PL intensity even increased after three 
days, and remained constant. This intensity increase probably originates from the NC 
photoactivation as described in previous chapters, i.e. the Cd-OH formation proceeds on 
the available NC surface. In the PBS buffer, the PL intensity decreased within three 
days, however was preserved afterwards for several days. This PL intensity decrease 
was correlated with appearance of CdS flocculation owing to the presence of the PBS 
buffer. A similar intensity decrease was previously observed for the photoluminescent 
NCs when the salt concentration in the aqueous solution was increased.5 
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Figure 3-3. PL intensity change of the NCs in an aqueous solution with the different 
solution pH, (a) pH 7 and (b) pH 10 or (c) containing the PBS buffer (pH 7.4). The 
initial emission intensity was normalized to 100. 
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Summary 
 In the present thesis, I developed highly luminescent CdS semiconductor NCs 
for biological application. The main results and conclusions obtained in this study are 
summarized as follows: 
 
In chapter 1, I propose additional advantages introduced by this interfacial 
surface modification method. Firstly, a sound purification method for the luminescent 
NCs from the aqueous solution which contains impurities, e.g., thiol molecules or ions, 
causing the PL intensity loss, while the conventional method required several washing 
and drying processes to obtain pure NCs. Secondly, the CdS-hexane concentration can 
be controlled by adjusting the amount of hexane added for the reaction. Thirdly, the 
amine capped CdS can be used for solid state PL devices. The CdS in powder form 
strongly emits luminescence even when hexane was completely dried, facilitating 
incorporation of the particles in a solid material. Finally, the PL stability of the 
extracted NCs in hexane is remarkable. The preliminary experiment indicates that the 
PL intensity for the crystals in hexane has been unchanged for several months in 
comparison to the aqueous solution whose intensity gradually decreases within a few 
days. 
 
 In chapter 2, my studies introduce a comprehensive interpretation of CdS NC 
PL activation, photoetching and photostability under light irradiation. My findings 
through this process can be summarized as follows: (1) The CdS NCs can be activated 
by weak light irradiation with adjustment of the pH of the solution to 11. (2) The CdS 
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excitation induces release of Cd2+ ions owing to slow photocorrosion, while Cd–OH 
bond formation, identified from XPS data, is immediately achieved on the surface in the 
weak alkaline conditions (pH = 11). (3) The photoactivation is dependent on the 
excitation wavelength and the CdS absorbance. (4) The extracted NCs in the nonpolar 
solvent, reaching a QY of nearly 30%, are remarkably stable even under UV light 
irradiation. 
 
 In chapter 3, the surface coating method for highly luminescent CdS NCs 
prepared in an aqueous solution was demonstrated. The phase transfer reactions of the 
NCs from the aqueous to the non-polar phase were investigated with alkyl molecules 
possessing various functional group, revealing the electrostatic interaction between the 
anionic CdS surface and the cationic amine or ammonium salt. The polyacrylic acid 
coated NCs exhibited moderate PL intensity in the pH range of ~7, and this PL intensity 
remained constant for at least several days. This study allows one to employ the NCs for 
biological labeling applications under neutral conditions. 
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